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Abstract
Electroabsorption (EA) measurements can be used to identify the type of excitons contributing to the
absorption spectra of semiconductors which have applications in optoelectronics. However, the inferences
from the EA measurement greatly depend on the method of fitting and extraction of parameters from
the measured spectra. We deconstruct the absorption spectrum by fitting multiple Gaussians and obtain
the relative contribution of first and second derivative of each absorption band in EA spectrum, which
gives indication of the Frenkel, charge transfer or mixed nature of the excitons involved. We check the
applicability of the method for pentacene which is widely used and well studied organic semiconductor.
We report EA measurements of poly[(2,5-bis(2-hexyldecyloxy)-phenylene)-alt-(5,6-difluoro-4,7-di(thiophen-
2-yl)benzo[c]-[1,2,5]-thiadiazole)] (PPDT2FBT). Our analysis shows that besides the feature around 3.07
eV, which is strongly Frenkel-like, most of the absorption bands for PPDT2FBT are mixed states, hav-
ing relatively high charge transfer contributions. Since charge transfer excitons have higher dissociation
efficiencies, we infer PPDT2FBT to be a promising candidate for photovoltaic applications.
Keywords: Organic semiconductor, Exciton, Electroabsorption spectroscopy, Organic solar cell,
PPDT2FBT
1. Introduction
The optical and electrical properties of the or-
ganic semiconductors are primarily excitonic, due
to their high binding energy of about few hundreds
of meV [1]. When excited, organic semiconduc-
tors exhibit two types of excitons, namely, Frenkel
and charge transfer (CT) [2] . For a Frenkel ex-
citon, the hole and electron are localized on the
same molecule, whereas the CT excitons extend
over nearest or next to nearest molecules [1, 3].
There has been a lot of interest in understanding
the CT excitons, as they play a vital role in deter-
mining the performance of organic solar cells due
to their more efficient charge separation [4]. On
the other hand, in organic light emitting diodes
(OLED), where radiative recombination of the ex-
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citons is required, the involvement of Frenkel exci-
tons is important [5]. Recent studies have shown
that CT excitons can also contribute to improving
the efficiency of OLED by enhancing the singlet ex-
citons population by reverse intersystem crossing
[6, 7]. Typically, the absorption spectra of organic
semiconductors show multiple features associated
with different excitonic transitions in the material.
Thus, it is important to understand the type of ex-
citons giving rise to the individual features to opti-
mize the efficiencies of optoelectronic devices.
We present our study on the nature of exciton
of poly[(2,5-bis(2-hexyldecyloxy)-phenylene)-alt-
(5,6-difluoro-4,7-di(thiophen-2-yl)benzo[c]-[1,2,5]-
thiadiazole)] (PPDT2FBT) which has emerged
as a potential candidate for organic solar cell.
PPDT2FBT is a low band gap (1.76 eV) organic
semiconductor polymer having highest occupied
molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) at -5.45 eV and -3.69
eV, respectively [8, 9] . Though, a relatively newer
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material, PPDT2FBT and its fullerene derivatives
(PC70BM) have shown potential applications in so-
lar energy harvesting due to their wide absorption
spectrum, long term thermal stability and high
hole mobility nearly independent of thickness up
to ∼ 1 µm [8, 10, 11]. The thick structure helps to
attenuate the incident sunlight without damaging
the fill factor [10, 12, 13], providing a pathway to
defect free film processing over large areas [14].
Large area solar cell, using PPDT2FBT as an
active material, has shown encouraging power
conversion efficiencies [10]. Though a lot of work
have been done on PPDT2FBT from the device
perspective, the optical properties are yet to be
explored. In this report, we distinguish the Frenkel
and CT like excitonic transitions in PPDT2FBT
which is an important study for optimal use of the
polymer for opto-electronic applications.
Different methods like DFT calculations [15],
binding energy estimation [16, 17] have been re-
ported to determine the excitonic properties of or-
ganic semiconductors. L. Sebastian et al.[18] used
electroabsorption (EA) spectroscopy to study the
CT transitions in tetracene and pentacene and later
this approach has been employed by other groups
as well [19, 20].
In EA spectroscopy, the change in absorption
of a material due to an externally applied electric
field is measured. Being a modulation measure-
ment, the EA spectrum typically resembles deriva-
tive of the zero-field absorption spectrum [A(E)].
In case of Frenkel excitons, the EA spectrum repli-
cates the first derivative of the absorption spectrum
[A
′
(E) = (dA(E))/dE], arising due to the change in
polarizability upon excitation. For CT transitions,
however, the EA spectrum is more of second deriva-
tive [A
′′
(E) = (d2A(E))/(dE2)] in nature, originat-
ing from the significant change in dipole moment
of the spatially separated CT exciton [18, 21]. For
overlapping peaks in the absorption spectrum, inte-
gral method analysis of EA spectra has been used
by Kattoor et al.[22]. In our work, we addressed
each transition appearing in the absorption spec-
trum of PPDT2FBT individually by using Gaus-
sian fits to the transitions [23]. The EA spectrum
was then fitted as a whole, with weighted A
′
(E)
and A
′′
(E) contributions from the individual tran-
sitions [23]. This allowed to distinguish the exci-
tonic nature of the different overlapping peaks in
the absorption spectra of PPDT2FBT.
We present EA measurement and analysis for
pentacene thin films to establish the viability of
our analysis. We chose pentacene since it is a well
studied system which has been extensively used in
organic thin film transistor and has regenerated in-
terest recently, due to the observation of singlet fis-
sion in the material [24]. Then, EA measurements
and analysis were done for PPDT2FBT which gave
insight on the types of excitons contributing to its
absorption spectrum required for improving its per-
formance in solar cell applications.
2. Experimental Section
A 100 nm thick pentacene film was deposited on
a cleaned ITO coated glass substrate, by thermal
evaporation at 4.7 × 10−7 mbar pressure at a rate
of 2 A˚/s. Then, aluminum (2 mm × 10 mm) fin-
gers of about 80 nm thickness were deposited on
top of it (Figure 1), forming the cathode of the de-
vice. For the PPDT2FBT device, PPDT2FBT so-
lution having concentration of 40 mg/ml, was spin
coated onto a patterned ITO (anode), at 1000 rpm,
and annealed at 1300C for 10 min. The average
film thickness of PPDT2FBT was estimated to be
135 nm by a Brooker profilometer. The EA mea-
surements were done in the reflection geometry. In
all the devices, ITO acted as the front electrode,
through which the light was made incident on the
organic semiconductor at an angle of 45 deg and
reflected by the bottom Al film.
The EA spectrum was measured using Xe lamp
as light source, which was coupled to a monochro-
mator. The light was incident on the semiconduc-
tor film, though the ITO/glass substrate, reflected
back from the Al electrode and measured using a
Si photodiode, by phase sensitive detection using a
lock-in amplifier. A function generator was used to
bias the sample with both DC and sinusoidal AC
(at 1.3 kHz) voltage. The TTL output of the func-
tion generator was fed as a reference to the lock-in
amplifier. The DC background (R) of the samples
were obtained from measurements where the bias-
ing voltage was turned off and the incident light
was chopped by a mechanical chopper to which the
lock-in amplifier was locked. As the signal was mea-
sured by lock in amplifier, a factor
√
2pi
2 is required
to convert the rms value to amplitude. The change
in reflectance (∆R) was measured at the first har-
monic of the modulation frequency so a factor
√
2
is required to convert rms value to the amplitude.
EA signal at first harmonic is proportional to the
applied AC and DC fields (supplementary section
2
S1). The applied AC and DC fields for pentacene
device were 1.06× 105 V/cm and 4.60× 105 V/cm,
respectively. For PPDT2FBT device these values
were 2.61× 104 V/cm and 2.67× 105 V/cm respec-
tively. Thin films of each sample, grown on the
glass substrate at the same growth condition as the
devices, were used to measure the respective ab-
sorption spectra in transmission mode.
Figure 1: The schematic of ITO/Pentacene/Al device.
PPDT2FBT has also similar device structure. The dot-
ted line shows the path of incident and reflected light. The
zoomed section shows the cross section of the device
3. Results and Discussion
The change in the absorbance [∆A(E)] of a semi-
conductor due to an externally applied electric field
could be expressed as a linear combination of the
zero field absorption [A(E)] and its first [A
′
(E)]
and second [A
′′
(E)] derivatives w.r.t. the photon
energy (E) [21], as stated by equation 1.
∆A(E) =
[
rA(E) + p
dA(E)
dE
+ q
d2A(E)
dE2
]
(1)
The coefficients of the derivative terms (r, p and
q) provided the information about the type of ex-
citon. The coefficient of the zeroth order deriva-
tive (r) was significant for anisotropic distribution
of ensemble of transition dipole moments in the ma-
terial [21]. It depended on the value of the ground
state polarizability along the direction of the tran-
sition dipole moment. The first derivative contri-
bution, defined by p, was a combined effect of the
orientation of the molecular dipole along the ap-
plied field and the linear Stark effect due to the
change in dipole moment associated with the ab-
sorption. The field induced broadening of the ab-
sorption spectrum due to quadratic Stark shift gave
rise to the second derivative term, of strength q
[21]. The values of p and q, derived from fitting the
EA spectrum, would thus reveal the dependence
of that transition on the change in polarizability
(∆P ) and dipole moment (∆µ), indicating the na-
ture of the associated exciton. The coefficients p
and q obtained from first harmonic EA spectrum,
were related to the change in polarizability (∆P )
and dipole moment (∆µ) given by equation 2 and
3 (supplementary section S1).
p =
1
2
∆P |2FACF ′DC | (2)
q =
1
6
∆µ2|2FACF ′DC | (3)
Here FAC was the applied AC field and F
′
DC com-
prised of the applied DC bias (FDC) and the built-in
field (FBI) generated within the film. This method
was applicable for both small organic molecules and
conjugated polymers, with the assumption that the
inter molecular, inter-chain and intra-chain interac-
tions were ignored [21]. For conjugated polymers,
we considered that the EA signal originated from
the effective change in polarizability and dipole mo-
ment of the molecules.
The absorption spectrum typically consisted of
the superposition of Gaussians corresponding to the
different transitions as expressed in equation 4 [23].
The EA spectrum was fitted with a linear combina-
tion of zeroth, first and second derivatives of each
absorption band weighted by factors given by ri, pi
and qi (equation 5).
A(E) =
∑
i
ai exp[−((E − Ei)/wi)2] =
∑
i
Ai(E)
(4)
∆A(E) = [riAi(E) + piA
′
i + qiA
′′
i ] (5)
Here Ai(E) was the i
th Gaussian band of the
absorption spectrum, having amplitude, peak posi-
tion and width given by ai, Ei, and wi respectively.
Ai(E), A
′
i(E) and A
′′
i (E) were the zeroth, first and
second derivatives of the ith Gaussian band with
respect to energy (E) and ri, pi and qi were the
coefficients, respectively. When measured in the
reflection geometry, the ∆A of an organic layer of
thickness d could be expressed in term of relative
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change in reflectance (∆R/R) by equation 6, as-
suming that there was negligible transmission loss
and ∆R in presence of electric field is much smaller
than the zero field reflectance (R) (supplementary
section S2).
∆A(E) = −0.13× ∆R
R
(6)
The absorption spectrum was deconstructed by
Gaussian functions (equation 4) and parameters ai,
Ei and wi were extracted. The fitting was done us-
ing commercial software, where the data was fitted
iteratively using predefined Levenberg-Marquardt
algorithm. From the analytical functional form
of derivatives of a Gaussian, the first and second
derivatives of each absorption bands were calcu-
lated. The EA spectrum was then fitted with equa-
tion 7 to obtain ri, pi and qi values. The details of
the fitting is discussed in the supplementary infor-
mation (section S3).
− ∆R
R
=
1
0.13
× [riAi(E) + piA′i + qiA
′′
i ] (7)
The value of the parameters obtained from the
fitting and FWHM of individual bands, are shown
in the Table 1-2. The FWHM typically told about
the energy spread of the transitions, which was
quite large for amorphous materials and depended
on the origin of the transition. We found that
the FWHM was larger for PPDT2FBT compared
to pentacene. In our case the peak positions and
FWHM of the individual features were important
as they indicated the extent of overlap between the
nearest bands.
3.1. Analysis of EA spectrum of Pentacene
The absorption spectrum of pentacene thin film
(Figure 2) consisted of five distinct peaks and was
reconstructed by five symmetric gaussians. The
comparison of the measured EA spectrum for pen-
tacene with the first and second derivatives of the
entire absorption spectrum is shown in Figure 3.
Though, there seemed to be a good likeliness of the
EA spectrum with the first derivative curve, most
of the peak positions did not match, as were indi-
cated by the dotted lines. We therefore fitted the
EA spectrum with equation 7 (Figure 4a). The fit-
ted values gave the q/p ratio and the change in
polarizability and dipole moment for the individual
transitions are listed in Table - 1. The contribution
Figure 2: Absorption spectrum of Pentacene. Open circles
and solid black line represent the measured spectrum and the
fitted spectrum respectively. The coloured Gaussian bands
represent different absorption bands.
Figure 3: (a) Electroabsorption spectrum of pentacene, (b)
first and (c) second derivative of absorption spectrum, ob-
tained numerically
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Table 1: The position, FWHM of the absorption bands and the coefficients of the derivatives extracted from the fitting of
Pentacene and corresponding ∆P and ∆µ
Peak FWHM r p q |q/p| ∆P ∆µ
position (eV) (meV) (eV) (eV2) (eV) (A˚3) (D)
1.87 125.4 0.00 1.19× 10−5 8.21× 10−8 6.9× 10−3 35.2 1.08
1.99 76.8 0.00 1.06× 10−5 5.33× 10−8 5.0× 10−3 31.6 0.86
2.14 150.9 0.00 3.02× 10−5 0.00 0.00 89.2 0
2.30 148.8 1.51× 10−4 2.54× 10−5 8.74× 10−7 3.44× 10−2 74.5 3.52
2.47 141.8 0.00 2.94× 10−5 0.00 0.00 86.8 0
Figure 4: (a)Measured EA spectrum of Pentacene (open cir-
cle) and the data fitted by the linear combination of the
derivatives (solid line) and (b) the contribution of different
derivatives to the EA spectrum.
of different derivatives in EA spectrum is shown in
the Figure 4b.
The bands at 2.14 eV and 2.47 eV had Frenkel
characteristic as the second derivative components
for these bands were zero. The change in polariz-
ability for these bands were found to be 89.2 and
86.8 A˚3, respectively. As seen from Table 1, the
q/p ratio for peak at 1.87 eV and 1.99 eV were
6.9× 10−3 and 5.0× 10−3 which implied its strong
Frenkel-like nature. This was also indicated by the
good match of the EA signal around 1.9 eV with
the first derivative spectrum in Figure 3. The cor-
responding change in polarizabiliy due to optical
transition associated with these bands were 35.2
and 31.6 A˚3, respectively. The much higher value
of the q/p ratio for peak at 2.30 eV indicated that
it had relatively higher CT characteristics [18]. The
change in dipole moment for this band was 3.52 D
compared to the bands at 1.87 eV and 1.99 eV for
which ∆µ were 1.08 and 0.86 D respectively.
The dominant Frenkel characteristic of the ab-
sorption bands at 1.99 eV and 1.87 eV was in agree-
ment with the previously reported results[18, 25].
The other two absorption band at higher energy
(2.14 eV and 2.30 eV) was assigned to be charge
transfer states. But, from our analysis, we found
that the state at 2.30 eV was a mixed-state, hav-
ing comparatively higher CT characteristic and the
state at 2.14 eV had Frenkel characteristic. This
might arise from the segment wise fitting of the EA
spectrum, done by the L. Sebastian et al.[18] where
overlapping of the bands were neglected. The EA
spectrum was reproduced by only first derivative of
absorption spectrum by Haas et al.[25] which might
be partially correct since the linear combination of
the derivatives gave a better fit.
3.2. Analysis of EA of PPDT2FBT
The absorption spectrum of PPDT2FBT ranges
over almost entire visible wavelength (Figure 5),
and consists of multiple features. Being one of
the relatively newer materials, the nature of the
excitons contributing to the absorption spectrum
in PPDT2FBT is not well known. We, therefore,
used this methodology to investigate the excitonic
properties using EA spectroscopy. The absorption
spectrum was fitted with six gaussians (Table-2)
which was found to be the minimum number of
peaks (shown by arrows in Figure 5)required to re-
construct the absorption spectrum. The measured
EA spectrum of PPDT2FBT is shown in the Figure
5
Table 2: The position, FWHM of the absorption bands and the coefficients of the derivatives extracted from the fitting of
PPDT2FBT and corresponding ∆P and ∆µ
Peak FWHM r p q |q/p| ∆P ∆µ
position (eV) (meV) (eV) (eV2) (eV) (A˚3) (D)
1.89 129.4 0.00 −1.40× 10−7 1.85× 10−8 1.32× 10−1 −2.9 1.35
2.05 275.7 0.00 5.34× 10−7 1.60× 10−7 2.99× 10−1 11.0 3.98
2.27 469.7 6.92× 10−6 1.37× 10−6 1.35× 10−7 9.85× 10−2 28.2 3.66
2.90 177.6 0.00 −5.10× 10−8 5.37× 10−8 1.05 −1.1 2.30
3.07 525.3 0.00 1.14× 10−6 0.00 0.00 23.4 0
Figure 5: Absorption spectrum of PPDT2FBT. Open circles
and solid black line represent the measured spectrum and the
fitted spectrum respectively. The coloured Gaussian bands
represent different absorption bands.
6a. When fitted with equation 7, the obtained val-
ues of the coefficients were listed in the Table 2 and
the contribution of different derivatives in the EA
spectrum was shown in the Figure 6b. In the fit-
ting, the band at 3.81 eV was not considered as this
had negligible contribution in the spectral range of
measured EA spectrum, to minimize the number of
free parameters and avoid overfitting.
For the absorption band at 3.07 eV the q/p ratio
suggested that the associated excitons were Frenkel
in nature. The change in polarizability associated
with this transition was 23.4 A˚3. The transitions at
1.89 eV, 2.05 eV, 2.27 eV and 2.90 eV showed much
higher value of the ratio indicating mixed nature of
these transitions, with more CT component. The
maximum change in dipole moment was observed
for the band at 2.05 eV (3.98 D). The change in
dipole moment for other two bands at 1.89 and 2.90
eV were 1.35 D and 2.30 D respectively. The change
in polarizabiliy was smaller for these mixed states
compare to the band at 2.27 eV which had a high
Figure 6: (a) Measured EA spectrum of PPDT2FBT (open
circle) and the data fitted by the linear combination of the
derivatives (solid line). (b) The contribution of zeroth, first
and second order derivatives to the EA spectrum
∆µ (3.66 D) along with comparatively high polar-
izability of 28.2 A˚3
4. Conclusion
We presented a line shape based analysis of elec-
troabsorption spectra to identify the nature of exci-
tons in organic semiconductors. For pentacene, the
features around 1.87, 1.99, 2.14 and 2.47 eV orig-
inated from a strong Frenkel-like exciton whereas
the absorption band at 2.30 eV had higher CT
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characteristic . We reported EA measurement and
analysis for PPDT2FBT. By fitting the EA spec-
trum, we identified a strong Frenkel-like transition
around 3.07 eV, while other contributing transitions
were more CT-like. The CT nature being domi-
nant for most of the optically active transitions in
PPDT2FBT, implied higher probability of exciton
dissociation. This makes PPDT2FBT a potential
candidate for photovoltaic applications.
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